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ABSTRACT 
This thesis describes momentum exchange in the under-ice ocean boundary layer 
near ice keels.  Understanding ice-ocean momentum exchange is important for accurate 
predictive ice modeling.  Due to climate change, increased naval presence in the Arctic 
region is anticipated and ice models will become necessary for tactical and safety 
reasons.  Measurements took place in March 2007 in the Beaufort Sea at the Applied 
Physics Laboratory Ice Station sponsored by the U.S. Navy.  
Turbulence measurements were made at a single point behind a large multi-year 
ice ridge in the upper ocean boundary layer.  The keel was found to be at least 12.5m 
deep and much broader than expected.  Ocean profiles showed the pycnocline between 
13-18m deep and thus a unique situation of measuring the flow around a large ice 
structure in a shallow boundary layer presented itself.  
Results indicate that estimates of turbulence intensity depend on ice speed, 
direction and measurement depth.  Velocity spectra indicate periods of low inertial 
subrange levels likely resulting from close proximity to the pycnocline.  Low frequency 
variance in the velocity spectra was also observed and is thought to be a wake effect 
resulting from an under ice structure upstream of the flow.  
 vi
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I. INTRODUCTION  
A wide range of physical processes must be described correctly in order to 
accurately model Arctic Ocean ice formation, melting and motion.  The inaccessibility 
and harsh environment of the Polar Regions has limited the measurement of these 
processes.  If the Arctic regions continue to warm, as some scientists have forecasted, it is 
conceivable that over the next 10 to 30 years the Arctic Ocean could develop a navigable 
sea lane for at least part of the year (Whelan et al, 2007).  If that becomes a reality, 
significantly shortened transit routes would reduce shipping costs worldwide.  
Additionally, abundant mineral resources in the Arctic could become accessible.  
Growing political tensions in the region over this potential wealth are already being 
realized and U.S. and allied maritime forces will likely be required to maintain constant 
patrols in the region.  Therefore maritime safety, naval operations, and economic 
concerns will necessitate a requirement for accurate predictive coupled ocean-ice 
modeling in this rapidly changing environment.   
The way the ice pack exchanges momentum with the atmosphere and ocean as the 
large scale wind forces it across the sea surface is important for ice modelers.  On the 
ocean side, momentum exchange occurs through turbulent eddies in the under-ice ocean 
boundary layer.  These eddies are formed as wind forced ice drags over the ocean.  How 
much drag the ocean exerts on the ice for a given ice speed is critical to modeling ice 
movement and can be characterized as a drag coefficient.  This ocean-ice drag coefficient 
is dependent on under-ice roughness, which is highly variable, ranging from very smooth 
surfaces under frozen leads to massive ice ridge keels that may extend in excess of 50 
meters below sea level.  Ice keels formed by pressure ridging are thought to be a 
significant source of under ice drag, particularly if they extend into the stratified part of 
the water column.  Pressure ridges form when synoptic scale convergent winds deform 
ice floes and are typically 0.5 to 5m high with corresponding keels 3 to 4 times that deep.  
In an effort to measure the momentum exchange near an ice keel, detailed 
turbulence measurements were made at a point 15 meters horizontally from the base of a 
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pressure ridge at the Applied Physics Laboratory Ice Station (APLIS) 2007.  The purpose 
of this work is to present under ice turbulence data collected during APLIS 2007 and 
discuss the effects of a large ice keel on the sub-ice flow.  
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II. BACKGROUND 
Air sea interaction in the Arctic is complicated by the presence of the frozen sea 
surface.  To accurately forecast ice movement, the way wind imparts momentum to the 
ocean through the ice must be understood.  Assuming that forces resulting in ice 
deformation are small, which is widely true far from the land, the shear stress that the 
wind imparts to the surface ice is equal and opposite to the shear stress that the ocean 
imparts on the underside of the ice.  Given surface wind information and a good 
understanding of surface ice roughness, it is possible to model wind stress exerted on the 
ice by a drag law:   
 210 10 /wind air D ice ocnC Uτ ρ τ= = . (0.1) 
Where windτ  and /ice ocnτ  is the stress the ocean and wind imparts on the ice 
respectively, airρ is the air density, 10DC  is a drag coefficient for the ice calculated from 
10m winds and 10U is the 10m wind speed.  Similarly,  
 2/ice ocean water Docn ocnC Uτ ρ= , (0.2) 
where waterρ  is the density of salt water, DocnC is a drag coefficient for the ice and 2ocnU  is 
the ocean current relative to the ice.  Knowledge of under ice roughness and upper ocean 
boundary layer as well as the wind stress on the ice are needed to determine and forecast 
ice velocity.   
A. REYNOLDS STRESSES 
Under-ice roughness and ice motion produces turbulent eddies that result in a net 
downward transfer of momentum, which can be described by manipulation of the 
advective terms of the instantaneous momentum equations,   
 21
o
u u u uu v w fv u
t x y z x
ρ υρ
∂ ∂ ∂ ∂ ∂+ + + − = − + ∇∂ ∂ ∂ ∂ ∂  (0.3) 
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v v v vu v w fu v
t x y z y
ρ υρ




w w w wu v w w
t x y z z
ρ υρ
∂ ∂ ∂ ∂ ∂+ + + = − + ∇∂ ∂ ∂ ∂ ∂ . (0.5) 
 
By assuming that variables in the momentum equations consist of a slowly-varying 
component and higher frequency turbulent perturbation component, then decomposing 
the velocity components u, v, and w into mean flow (indicated by overbar variables) plus 
a perturbation (indicated by the primed variables); 
 u u u′= +  (0.6) 
 v v v′= +  (0.7) 
 w w w′= + , (0.8) 
 
applying the continuity equation,  
 0du dv dw
dx dy dz
+ + = , (0.9) 
Then by Reynolds averaging, the Reynolds-averaged momentum equations are derived,  
 21 ( ) ( ) ( )
o
u u u uu v w f v u u u u v u w
t x y z x x y z
ρ υρ
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂′ ′ ′ ′ ′ ′+ + + − = − + ∇ − − −∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂  (0.10) 
 21 ( ) ( ) ( )
o
v v v vu v w f u v v u v v v w
t x y z y x y z
ρ υρ
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂′ ′ ′ ′ ′ ′+ + + + = − + ∇ − − −∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂  (0.11) 
 21 ( ) ( ) ( )
o
w w w wu v w w w u w v w w
t x y z z x y z
ρ υρ
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂′ ′ ′ ′ ′ ′+ + + = − + ∇ − − −∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂  (0.12) 
where the last three terms are the Reynolds stress terms.   
Except in a thin layer adjacent to the boundary, direct frictional effects are small, 
and the majority of momentum transfer is due to turbulence.  It is also true that the wind 
forced ice speed is much larger than horizontal ocean currents which generates high shear 
near the ice-ocean interface.  Therefore, from the Reynolds-stress terms u w′ ′and v w′ ′ , it 
is seen that positive fluctuations of u′ and v′ are transported downward by negative 
values of w′  while positive values of w′  move negative values of u′ and v′ upward.  The 
result is a net downward transport of momentum. The Reynolds stresses are defined as: 
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 0uw u wτ ρ ′ ′= −  (0.13) 
 0vw v wτ ρ ′ ′= −  (0.14) 
 
The magnitude of these stresses, 0τ , is related to the friction velocity, *u  by 
 ( ) ( )2 2 04*
0
u u w v w τρ′ ′ ′ ′= + = . (0.15) 
 
B. ICE OCEAN BOUNDARY LAYER 
In a well-mixed ocean and with a relatively smooth ice cover, with centimeter 
scale roughness elements, boundary layer depth is limited by rotation to the Ekman 
Depth, ED .  It is useful to consider the upper ocean boundary layer broken into an inner 
layer and outer layer. In the inner layer, the size of turbulent eddies is determined only by 
the distance from the boundary (z) and the roughness length, 0z .  The eddy velocity 
scales with the surface friction velocity *ou .  In the outer layer, Coriolis force limits the 
growth of turbulent eddies with the Ekman depth scale exerting control on the size of the 
eddies.  The boundary layer depth may be further limited by the presence of stratification 
and therefore defined by the depth of stratification at the base of the surface well mixed 
layer.  Between these inner and outer layers is an overlap layer where the only significant 
length scale is the interface friction velocity, *ou .  Based on dimensional analysis then, 
the horizontal shear in the overlap layer should be proportional to the friction velocity 
over the depth: 
 *oudu
dz z
∼ . (0.16) 
By introducing von Karmen’s constant k , the Law of the Wall is derived 
 *1 oudu
dz k z
= , (0.17) 
and therefore, by integration, the vertical velocity profile is 
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= , (0.18) 
where 0z is the roughness length and results from defining the integration constant as 
0ln z− .  In this overlap layer, the stress (i.e. *u ) is assumed to be constant, and thus the 
velocity profile logarithmic.  
In the ice-ocean boundary layer, the roughness on the under ice surface plays a 
significant role in the boundary layer structure.  A potentially significant roughness effect 
is from ice keels, which can be highly variable in size.  Bourke and McLaren (1992) 
found that ice keels tend to average between 4-6m, increasing in draft near the coastline 
with maximum keel drafts occasionally exceeding 20m.  To describe the effect of large 
ice keels on the flow, it may be helpful to consider the under ice surface with its own 
roughness parameter then add larger roughness elements spaced on that surface to 
represent ice keels. These large elements will have their own form drag associated with 
them.  As a result, the total stress the ocean exerts on the ice can be described as the sum 
of the skin friction and the form drag associated with the larger roughness elements 
(Marshall, 1971).  Figure (1), taken from Arya (1975), shows how a large roughness 
element, such as an ice keel formed by pressure ridging, may form separate regions of 
flow in the under ice ocean boundary layer.  Arya (1975) used it for the case of 
atmospheric boundary layer on top of ice.  The under-ice case is roughly analogous, but 
there may be issues if it is found that adequate scale separation does not exist in the ice-
ocean boundary layer, such that the overall roughness length is not significantly smaller 
than the mixed layer or Ekman depth.  
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Figure 1.  Schematic of under-ice boundary layer adapted from Arya (1975).  Flow 
regions near a single large roughness element surrounded by a relatively smooth ice 
surface are shown.  The four zones of flow (numbered) are described in the text. 
 
In zone 1, the stress is almost entirely due to the roughness of the relatively flat 
under ice surface.  The stress in zone 3 is characterized by a combination of the effects of 
the large roughness element as well as the surrounding surface. Zone 4 represents regions 
of separated flow both in front and behind large roughness elements where very low 
stresses are present.  Zone 2 is the turbulent wake associated with the large element and 
in effect is a blending region for zones 1 and 3.  This region will eventually merge with 
the main boundary layer far from the roughness element.  Additionally, zone 3 is 
expected to have characteristics associated with a typical boundary layer, including a 
layer where the velocity profile is logarithmic beginning at some distance below the large 
scale roughness element given by: 
 *
0
( ) lnU zu z
k Z
⎛ ⎞= ⎜ ⎟⎝ ⎠
 (0.19) 
where *U  is the large scale friction velocity, z is the distance from the ice and 0Z is the 
overall roughness length for the field of ice keels (Arya, 1975).  Therefore, by measuring 
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the velocity profile behind a large roughness element and estimating Reynolds stresses at 
that depth, the large scale roughness length can be determined which is an important 





A suite of instruments were shipped to the ice camp prior to arrival.   Instruments 
sent to the site measured under-ice three component velocity, temperature and salinity 
profiles, ice movement, topside ice topography, meteorological conditions, and under-ice 
morphology.    
A. ACOUSTIC DOPPLER VELOCIMETER 
Turbulent velocity fluctuations were derived from current measurements made by 
a SONTEK Acoustic Doppler Velocimeter (ADV).  Two ADVs were deployed to the ice, 
but due to a malfunction, only one was operational during the camp.  The ADV provided 
high resolution currents at 4 Hz.  Output variables from the ADV included 3 dimensional 
currents, corresponding backscatter amplitude, Doppler correlation levels and heading, 
pitch and roll of the sensor head.  The ADV was mounted to an extendable aluminum 
pole made up of 2.5m segments.  The pole, held in place over the ice hole by a tripod, 
provided for the ADV a rigid mount just below the bottom of the ice.  In this way, depth 
below the ice could be adjusted by adding or removing pole segments as desired.  
B. GLOBAL POSITIONING SYSTEM 
 Ice movement was measured by a handheld Garmin GPS.  The unit was mounted 
on the hut that sheltered the hole through the ice flow.  It recorded position at 1 Hz.  GPS 
recorded positions were converted to UTM coordinates, interpolated, and smoothed to 
yield ice velocity with accuracy greater than 0.05 m/s.  An additional GPS receiver was 
mounted at the Navy command hut approximately 100m away and long term averaged 
position was used to determine ice rotation, which was found to be negligible during the 
observation period. 
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C. WEATHER INSTRUMENTS 
Weather data including time stamped 10m wind, temperature and atmospheric 
pressure measurements were provided by the University of Washington Applied Physics 
Laboratory (APL) from a Coastal Climate WeatherPak WP-100 automated electronic 
weather station.  
D. TOPSIDE SURVEY 
The pressure ridge corresponding to the selected ice keel was surveyed using a 
leveling rod and a site level mounted on a tripod.  Three parallel transects were made 
running over the ridge to determine changes in height with distance.  The measurements 
yielded accurate dimensions of the top of the pressure ridge from which estimates of the 
keel are inferred assuming local hydrostatic equilibrium of the ice sheet and keel.   
E. OCEAN PROFILES 
A SBE 19-03 SEACAT conductivity, temperature and depth recorder was brought 
with the intention of taking frequent upper ocean profiles throughout the experiment.  
Because of constant U.S. Navy and British submarine exercises in the area, deployment 
of instruments below the ice was strictly restricted and no ocean profiles were made from 
the selected location for the experiment.  
University of Washington APL provided temperature and salinity profiles taken 
with a similar SBE 19 SEACAT Profiler.  The profiles were taken from a separate hole 
located approximately 100m from the ridge from where the turbulence data was 
measured.  Temperature, salinity and depth measurements from the profiler were 
converted to density profiles using the equation of state as defined by the Joint Panel on 
Oceanographic Tables and Standards (UNESCO, 1981).  Only 10 casts were made 
throughout the two week period and only three of these casts correspond to the time 
period during which turbulence data was collected.  These three profiles provided the 
only information regarding mixed layer depth for the experiment.  
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F. UNDER ICE MORPHOLOGY 
A high frequency narrow beam SONAR was brought to image the selected ice 
keel, but noise problems limited the maps to a 5-7m radius.  However, areas of the ice 
floe were acoustically imaged by both the U.S and British submarines during the ice 
camp.  It is expected that this data will become available for future studies and will 
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IV. DATA COLLECTION 
Data collection took place at the Applied Physics Laboratory Ice Station (APLIS) 
from 15 March to 30 March 2007 by a team from the Naval Postgraduate School 
Oceanography Department comprised of Navy Lieutenants Timothy McGeehan and John 
Bleidorn.  The APLIS ice camp was established and managed by the University of 
Washington’s Applied Physics Laboratory personnel for the U.S. Navy submarine 
exercises.  The camp was located approximately 300 km north of Prudhoe Bay, AK in the 
Beaufort Sea, in an ocean depth of approximately 3500m.   
 
Figure 2.  Location of Applied Physics Laboratory Ice Camp (APLIS).  
 
The collection plan called for making under-ice current measurements on both 
sides of a selected ridge-keel structure and at multiple distances from the base of the 
ridge.  The objective was to measure the turbulent wake generated by an ice keel.  The  
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two ADVs were to be placed in the turbulent wake region of the boundary layer.  
Expected mean ice thickness was about 3m, as measured at two other locations on the 
floe.   
Following arrival at Deadhorse, Alaska and briefing by U.S Navy Arctic 
Submarine Laboratory, a Cessna Caravan provided transportation to the ice camp.  Upon 
arrival, the ice floe was surveyed to find a suitable ridge for the experiment.  An old, 
multiyear ridge, located approximately 100m north of the camp, was selected as the 
experiment site.  The ridge was the largest, most isolated and most linear within an 
allowable radius (defined by the U.S. Navy for safety reasons) from the camp.  An 8 x 8 
ft hut was constructed from which measurements would be made.  On 16 March, a 
detailed topside survey of the pressure ridge and surrounding ice floe was conducted.  
The primary hole was melted 15m from the base of the ridge; this was expected to allow 




Figure 3.  Applied Physics Laboratory Ice Station (APLIS).   
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The ADV was to be placed several meters below the ice on the tripod system and 
adjusted vertically periodically throughout the experiment to ensure that measurements 
were made in each of the flow regions discussed in Chapter II.   With changing wind 
speed, the primary mechanism for forcing ice motion, the depth of the ADV would also 
be adjusted to see how changing ice motion affects the flow regimes.  
On 17 March with the assistance of University of Washington personnel, the 
primary hydro hole was started.  The melting process took three days and required 
melting through 12.5 meters of ice.  As described above, it was hoped that other hydro 
holes would be melted further from the ridge base and on the opposite side of the ridge 
for additional collection opportunities, but the unexpected ice thickness and subsequent 
U.S. Navy submarine operations precluded melting any further holes, so the single hole 
had to serve for all the measurements. 
Once the hole was cleared, the high frequency SONAR was deployed in hopes of 
mapping the underside of the ice and the selected ridge.  As mentioned in Chapter III, 
noise problems precluded extensive surface mapping, but did yield some details of the 
under-ice surface within 5-7m around the hole which will be analyzed in future work in 
the context of the large scale structure measured by the Navy.  
On 22 March the ADV was deployed and measurements were recorded for six 
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V. OBSERVATIONS AND DISCUSSION 
Topside survey results show the selected pressure ridge height was 3.3m above 
sea level.  The survey transects were interpolated into a surface representing the shape of 
the ridge.  Because the ice keel’s dimensions were not directly measured, the hydrostatic 
relationship was applied to estimate the depth.  Based on local hydrostatic equilibrium 
and the pressure ridge height, and utilizing a sail height to keel depth ration of 1:3.2 
(Davis and Wadhams, 1995), the dimensions of the keel were estimated in the absence of 
direct sub-ice measurements.  Figure (4) shows a representation of what the keel might 








Clearly this was inaccurate since the keel was found to be much broader at least in 
the direction of our hut, where the ice extended 12.5m below sea level as measured 
through our hydro hole.  A reasonable explanation would be that the ice rafted during the 
ridging process and that the hole was melted through that rafted slab of ice extending 
behind the ridge.  
 The ADV was initially deployed to a depth of 2.5m below the ice and following 
operability test, data collection began on 22 March.  For the next three days, wind forcing 
was relatively low (Figure 5).  Wind speed averaged less than 5 m/s and GPS derived ice 
motion averaged less than .05 m/s.  Because of the light wind conditions, the ADV was 
kept in its position near the ice bottom, where it had the best opportunity to record the 
relatively small turbulence induced velocity perturbations.  On 25 March (yearday 85) the 
wind increased to over 5 m/s resulting in ice speeds also increasing up to 0.2 m/s (Figure 
5).  In an effort to sample more of the boundary layer during the period of relatively high 
wind forcing, the ADV was lowered to 4.01 m and 5.52 m below the bottom of the ice 
hole.  For the next 2.5 days, the high winds persisted and the ADV was alternated 
between 2.5, 4.0, and 5.5 meters below the ice collecting data in segments from ranging 
from 2 to 14 hours.  It is these 2.5 days of relatively strong surface forcing that is the 
subject of the detailed analysis in the following discussions.  
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Figure 5.  Plots of wind speed, ice speed, ice direction and deployed ADV depth.  
When the wind forcing increased around yearday 85 the ADV was deployed to 
different depths ranging from 2.5m to 5.5m in order to sample more of the boundary 
layer.  Red stars indicate times of CTD cast.  
 
Density profiles were calculated from the CTD data using equation of state 
formulations to estimate salinity from temperature and conductivity, and density from 
pressure, salinity, and temperature.  Only three casts were made during the period of 
ADV operation, as indicated in Figure (5).  Density profiles derived from those cast are 




Figure 6.  Density profiles from yearday 82 (left), 84 (middle), and 87 (right).  
Profiles show a relatively shallow mixed layer depth between 13-18m.   The shallow 
mixed layer limits the boundary layer depth significantly and places the keel from 
which turbulence measurements were taken (12.5m deep) close to or in the 
pycnocline. 
 
The strong, shallow stratification observed in Figure (6) was not expected and is 
attributed to the introduction of ice melt freshwater from widespread ice cover retreat 
observed the previous summer.  The relatively shallow pycnocline and the exceptionally 
deep deployment of the ADV due to the thickness of the ice at the hydro hole make it 
reasonable to assume that the current measurements were made close to the bottom of the 
boundary layer and possibly into the salt stratified water column, below the turbulent 
boundary layer.  Because periodic CTD measurements of the boundary layer depth were 
not permitted, inferences must be made from vertical velocity spectrum and the available 
profiles to determine when the ADV was within the boundary layer or in the 
stratification.  To this end, it is expected that internal waves would be present on the 
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pycnocline, and their signature would be evident in the vertical velocity spectra and the 
u w′ ′  and v w′ ′  quadrature-spectra.  To determine this, the buoyancy frequency, N was 
calculated using 2m differences of the density profiles (Figure 7).  
 
 
Figure 7.  Buoyancy frequency calculated from density profiles from yearday 82, 84, 
and 87.    
 
Velocity data from the SONTEK ADV was segmented into continuous time series 
of constant ADV depth, then cleaned via a de-glitching algorithm where the number of 
sequential points required to define the signal was set at 5, and the error threshold 
between sequential points of the velocity signal was set at .15 m/s for the horizontal 
components and .025 m/s for the vertical component.  Additionally no more than 5% of 
the data would be discarded for cleaning purposes. The velocity components were rotated 
into along stream and cross stream components then broken into one hour ensembles for 
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analysis. Then, by removing the mean and linear trend, a time series of velocity 
perturbation values was calculated.  The ADV data collected during the first two days of 
the experiment suffered from high noise resulting from very small signal levels due to 
low acoustic scatterer levels common in calm conditions.  Much better data appeared 
after yearday 85.5 when the wind forcing resulted in much higher ice speeds indicated in 
Figure (5) and consistent backscatter amplitudes.  For this reason, only data collected 
after yearday 85.5 is presented in this work.  
Auto and cross spectra were calculated from the velocity perturbation in one hour 
ensembles.  In order to better see the spectral characteristics, the log-averaged spectra 
were used where the spectrum data points were binned and averaged over 100 
logarithmic bins spanning 0.001 to 2 Hz.  Conversion from frequency space to wave 
number space for the purposes of calculating dissipation rates was done using Taylor’s 
frozen field hypothesis where 2 fk
U
π=  and U is the measured mean horizontal fluid 
speed. 
Three significant variables that are expected to significantly affect turbulent 
momentum flux estimates are ice current, which is the total speed of the ice as measured 
by GPS, ADV depth below the ice, and keel orientation relative to the mean direction of 
ice movement.  For convenience of comparison, ADV depth, ice current and ice motion 
direction was also averaged over the same one hour periods.  
Using ADV depth and ice current as criteria, the log averaged spectra for the 
vertical perturbation velocity, ( wwS ), were sorted according to depth and ice speed and 
plotted together.   ADV depth was at 2.5m, 4.0m, and 5.5m below the bottom of the ice.  
Ice ridge orientation was in the north-south direction (Figure 3) and it is expected that the 
general shape of the keel structure is orientated similarly. However, as evidenced from 
the depth of the hole, in comparison to the hydrostatic under-ice morphology (Figure 4), 
the actual under-ice morphology is probably more complicated, and the underside of the 
ice is likely a large rubble field.  In this case, the local morphology of the keel near the 
ADV may have significantly more influence on the measured flow than the large scale 
keel structure.   
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Additionally, mean kinetic energy turbulent dissipation rates,ε , were calculated 







= .  (0.20) 
The range of wwS used to calculate the dissipation rate corresponds to the wave numbers 
where the inertial subrange is evident.  Subtracted from wwS  is the estimated noise floor 
taken from each spectrum and α  is the empirical Kolmogorov constant estimated at 1.56 
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VI. RESULTS 
The complications imposed by the large roughness elements in combination with 
a relatively thin surface mixed layer imply that the standard approaches such as Arya 
(1975) proposed will not apply to this situation, therefore, it is evident that we did not 
measure the turbulent wake downstream of an isolated ice keel as originally planned.  
Without actual under ice imagery, it is not possible to know the keel surrounding the 
velocity measurements, however it is still relevant to examine measured turbulence 
through the water column near a very large structure at or near the pycnocline interface.  
A. EFFECTS OF STRATIFICATION 
Without adequate ocean profiling available to determine the depth of the mixed 
layer relative to measurement depth, an indirect approach was adopted.  Analysis of the 
sorted, log-averaged spectra, wwS , and associated dissipation rates allowed the proximity 
of the ADV to the pycnocline to be inferred.  The pycnocline depth was determined from 
the profiles presented in Figure (6).  Figure (8) shows dissipation rates plotted as a 
function of time along with the three independent variables: ice current, ice motion 





Figure 8.  Mean turbulence dissipation rates calculated from one hour ensembles 
(bottom panel) plotted with ice current, direction and ADV depth (top three panels).  
Shaded regions in panel 4 indicate ensembles where corresponding spectra are 
calculated in Figures 9 and 10. 
 
Around yearday 86.9 the significant drop-off in dissipation rates, by an order of 
magnitude, indicate that the ADV was very close or in the pycnocline.  By inspecting the 
vertical velocity spectra from yearday 86.66 to yearday 87.60, (Figure 9), they appear 
similar at low frequencies but those spectra that correspond to ensembles with lower 
dissipation rates (plotted in red) fall off much faster through the inertial subrange than 
those with higher dissipation rates, plotted in blue.  The same observations hold for 
measurements made from yearday 86.09 to 86.63 when the depth of the ADV was held 
constant at 4.0m below the ice.  The difference in the inertial subrange energy levels in 
the vertical velocity spectra for this time period is shown in Figure (10). 
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Figure 9.  Vertical velocity spectra ( wwS ) from yearday 86.66 to 87.60.  Blue spectra 
indicate spectra calculated from yearday 86.66 to 86.78 and from 86.87 to 86.92. 
Spectra plotted in red were calculated for yearday 86.79 to yearday 86.87 and from 







Figure 10.  Vertical velocity spectra ( wwS ) from yearday 86.09 to 86.63.  Blue spectra 
indicate spectra calculated from yearday 86.09 to 86.21 and from 86.55 to 86.63. 
Spectra plotted in red were calculated for yearday 86.21 to yearday 86.55. The -5/3rds 
slope is drawn in to highlight the turbulent inertial subrange. 
 
This effect may be caused by suppression of the turbulent eddies by stratification 
and would thus indicate when the proximity of the stratified layer has a significant effect 
on the measurements.  
B. LOW FREQUENCY VARIANCE 
The vertical velocity spectra also indicate that an unusually high level of variance 
at lower frequencies was present episodically.  The observed low frequency variance was 
likely a result of either a wake effect caused by the under ice morphology or internal 
waves.  To check for internal waves, the total quadrature spectra from u w′ ′and v w′ ′were 
summed over frequencies up to the buoyancy frequency.  High levels of quadrature 
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energy in u w′ ′and v w′ ′ relative to the co-spectral levels would indicate irrotational 
motion generally associated internal waves.  This was not observed (Figure 11).  Instead 
the quad and co-spectra levels were similar, which suggest a different mechanism with a 
turbulent character.  A likely scenario is that this is the signature of a wake effect 
resulting from flow disturbance due to local under ice morphology.  Due to the relatively 
shallow pycnocline, it is feasible that the flow around this under ice feature would also 
perturb the pycnocline creating a downstream internal wave signature, which is seen in 
the quad-spectra.  Because this signal should only appear when the feature was upstream 
from the sensor relative to the ice motion, a directional dependence might be observed.   
 
Figure 11.  Ice motion direction is plotted in the top panel.  Low frequency variance, 
normalized by the ice current (squared), for the quad and co-spectrum are plotted in 
the middle panel and the vertical velocity spectrum, ( wwS ), in the bottom panel.  
Peaks in the variance, circled and labeled A through D, are observed to correspond to 
ice motion direction between 065°T and 105°T (shaded in red in top panel).   
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The co-spectra for u w′ ′and v w′ ′  were analyzed in the same manner as the quad 
spectra (Figure 11).  Peaks in the variance for both the co-spectra and quad-spectra are 
observed at similar times as indicated in region C and D and are coincident with time 
periods when the ice was moving roughly east, from 065°T through 105°T, indicated in 
regions A and B.  These peaks also correspond to times when high variance was observed 
at low frequency in the vertical velocity spectra as indicated in region E and F.   
Given the assumption that measurements are being made in a large ice rubble 
field with ice structures reaching to, at least, within meters of the relatively shallow and 
strong pycnocline, and the apparent dependence on ice motion direction, the observed 
low frequency variance is very likely the result of a wake effect resulting from the flow 
around an upstream ice feature in the 065°T to 105°T quadrant. 
C. STRESSES 
Turbulent stresses were analyzed in terms of friction velocities given by (1.15).  
Figure (12) shows time series of mean ice current, direction and ADV depth with friction 
velocities plotted in the bottom panel.   
Interface friction velocity estimates based on Rossby similarity theory (Shaw et 
al, 2007) were calculated to provide a basis for comparison to actual friction velocities 
calculated from measured velocities.   These estimates are based on observed ice speed, a 
10cm roughness length and a relatively deep boundary layer which represent more typical 
ice conditions.  Actual friction velocities were calculated using two methods resulting in 
a total friction velocity and a filtered friction velocity.  The total friction velocity was 
calculated directly from the perturbation velocities using equation (1.15) and represents 
contributions from both boundary driven shear stress and local wake generated stress.  
Filtered friction velocities were calculated from the summed variance of the high passed 
filtered co-spectra for u w′ ′and v w′ ′ .  Half the buoyancy frequency was used as the 
filtering cutoff frequency which was observed to be 32.9 10−×  Hz.  The filtered friction 
velocities are meant to represent contributions only by boundary shear generated stresses.  
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The difference between the total friction velocities and the high pass filtered friction 
velocities should then be representative of the contribution of wake generated stresses.  
It is most likely that measurements were made in a large rubble field where 
roughness lengths are greater than 10cm, and the observed shallow pycnocline 
significantly limited the boundary layer depth; therefore, it is improbable that the 
measurements were made under small roughness element under-ice conditions.   
Unfiltered friction velocities show significant variation (Figure 12).  As discussed 
above, local ice morphology is likely responsible for a wake effect that appears as low 
frequency energy in the velocity spectra and probably is responsible for some of this 
temporal variation.   
 
Figure 12.  Observed mean ice current, direction and ADV depth plotted in top three 
panels.  In the bottom panel are friction velocities calculated from one hour 
ensembles in green and blue. Estimates of under ice surface friction velocities based 
on observed ice current and a 10cm roughness length in red.  The friction velocities 
plotted in green are calculated from unfiltered velocities while those plotted in blue 
have been high passed filtered based on half the observed buoyancy frequency to 
remove low frequency signals.     
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The filtered friction velocities, representing only the boundary shear driven 
turbulent stresses, are much smaller than the surface friction velocities predicted by 
Rossby similarity theory in an area of assumed large roughness elements. This may be 
due to two separate effects.  As previously discussed, the pycnocline is very shallow and 
the deep draft of the ice results in observations being made close to the pycnocline. 
Turbulent stresses diminish towards the bottom of the boundary layer (Smith et al, 1990), 
thus the proximity of the pycnocline explains, at least partially, the smaller observed 
stresses.  Additionally, and more speculative, is the possibility that given the complicated 
under-ice morphology, the ADV may have been positioned near enough to a large under-
ice formation to be in a separated flow region, such as indicated by region 4 in Figure (1).  
In this area, the mean flow is disrupted and turbulent stresses are expected to be smaller 
than in regions outside of the separated flow.  The low frequency component of the stress 
is as large as the 10cm roughness length Rossby similarity theory estimate indicating, at 




A detailed analysis of under ice turbulence measurements taken at a single point 
during APLIS 2007 has been presented.  The data spanned several days and is taken in an 
ice environment consisting of an exceptionally large ice draft and a relatively shallow 
pycnocline, resulting in measurements made in close proximity to the stratified layer.  
The turbulence data show a strong dependence on ice current speed, ice motion direction 
and the measurement depth below the ice.  
Measured stresses showed a directionally dependent low frequency component 
that is likely the result of a wake effect generated by a large, local under-ice feature.  The 
high levels of low frequency energy observed in the velocity spectra may be rotational 
eddies shed off of the wake that have not yet formed a well-developed inertial subrange.  
The diminished inertial subrange evident in the velocity spectra may represent the 
integrated background stresses of the under-ice ocean boundary layer.  Because these 
boundary layer stresses were measured in close proximity to the pycnocline, this might 
explain the low stress levels we observed.  
Detailed ice topography will provide a more complete context for these 
turbulence observations, and is expected to become available for this area in the future. 
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